Hexagonal barium ferrite thick films (50-200 µm) have been deposited on Si and Al 2 O 3 /Si substrates using a screen printing technique. X-ray diffractometry, scanning electron microscopy and magnetometry were used to characterize and correlate the ferrite films' microstructure and magnetic properties. The experiments indicated that an Al 2 O 3 underlayer was effective in preventing silicon diffusion into the barium ferrite films during a final sintering treatment at temperatures above 1100
Introduction
During the past decade, hexaferrites having the M, Y and Z-type structures have become important candidate materials for a variety of micro-and millimetre wave device applications. Owing to a large uniaxial magnetocrystalline anisotropy and high saturation magnetization, these ferrites are especially suitable for millimetre-wave filters, phase shifters and non-reciprocal devices with frequency tuning provided by an external magnetic field [1, 2] . Different from traditional devices, next generation devices will see the integration of ferrite films in planar device geometries. In particular, it is essential for high frequency ferrite films to be thick (>100 m for many applications with matching, power level and coupling demands [3] [4] [5] ), and compatible with semiconductor processing and substrates, such as silicon, silicon carbide, GaN and GaAs, for their eventual incorporation into semiconductor based monolithic microwave integrated circuits (MMICs) [6] [7] [8] [9] .
Monolithic integration of microwave magnetic and semiconductor electronic components is a new approach to the production of microwave subsystems [10, 11] . The goal of this work is to investigate the feasibility of growing M-type hexagonal ferrites (i.e. BaM) on silicon substrates. In this research, the first two issues we address are: (1) the need for hexagonal ferrites to be sintered at temperatures above 1100
• C and (2) the diffusion of silicon from the substrate into the BaM lattice when the temperature is at or above 1000
• C and its detrimental impact on the microwave properties of the ferrite. This apparent contradiction indicates the need to reach an effective balance between these two effects. In order to achieve a reasonable tradeoff, we employ an Al 2 O 3 buffer layer between the ferrite film and the Si substrate. The buffer layer prevents excessive interdiffusion of Si into the ferrite film, consequently resulting in its high quality.
In spite of considerable interest in the development of buffer layers (such as Al 2 O 3 , Cr 2 O 3 , SiO 2 and TiO 2 ) for the growth of thin BaM films on semiconductor substrates for use in the magnetic recording industry [12] [13] [14] [15] [16] , there have been relatively few reports on the properties of thick hexaferrite films (>100 µm) grown on silicon substrates for microwave applications. The BaM films, as magnetic recording media, are usually thin (i.e. 30-300 nm) and deposited by a sputtering or laser ablation technique on semiconductor substrates. The growth of the nano-or microcrystalline films can be accomplished directly from physical deposition processes. In contrast to the growth process of these thin films, it is more typical that the films are thick and polycrystalline for microwave device applications. The latter has to experience a secondary grain growth process, i.e. the initial ferrite fine grains will gradually re-grow at high temperatures to achieve superior mechanical and magnetic properties. Therefore, the role of the buffer layer differs in both application and the films' structure and morphology.
In this paper, screen printing was used to fabricate thick BaM films on silicon substrates. The films have thicknesses ranging from 50 to 200 µm. In order to prevent the Si interdiffusion into the BaM film, an Al 2 O 3 buffer layer was employed. An optimal sintering process is determined in which thick BaM films, having attractive magnetic and mechanical properties, are grown on silicon substrates retaining the magnetoplumbite structure.
Experimental
Thick films of M-type barium ferrite were processed on Si(0 0 1) substrates using a screen printing technique. The BaM powders used in the screen printing process were provided by TransTech Inc., and had an average particle size of 0.6 µm. X-ray diffraction (XRD) analysis indicated that the starting powders were of a pure hexagonal BaM phase with space group P 6 3 /mmc. The processing technique made use of a screen printing technology where a paste, consisting of BaM particles suspended in a binder (B-75000, Ferro), was spread over a stencil onto a silicon substrate with a thickness of 0.5 mm. In order to prevent excessive interdiffusion of Si into the ferrite, the BaM film is deposited on top of an Al 2 O 3 buffer layer (∼1 µm), which was grown on top of the Si substrate by the magnetron sputtering technique. The stencils with thicknesses ranging from 100 to 250 µm, were used to print a square or circle of ferrite material that was mostly powder (>70 wt% ferrite) with little binder. The ultimate thickness (50-200 µm) of the sintered films was approximately 80-90% of the as-printed thickness. A blade was employed to maintain a uniform thickness across the stencil area. The screen printing paste typically consisted of 25-30 wt% binder and 70-75 wt% barium hexaferrite powder [17] .
The as-printed 'wet' films were dried on a hot plate at low temperatures (300-400
• C), and then underwent a sintering process in air to temperatures ranging from 900 to 1150
• C. A typical sintering process is illustrated in figure 1 . This twostage sintering process is essential in improving the growth of grains and adhesion of the thick films to the silicon substrates. From figure 1 , the first step of heat treatment is a 2 h sintering at 1100
• C. This is primarily responsible for the growth of ferrite grains, which leads to the formation of a continuous ferrite film. The second stage, a 10 min annealing at 1150
• C, allows for aluminium/silicon ions to diffuse into the BaM lattice in the vicinity of the interface. A moderate level of diffusion enhances the adhesion of the films to the substrates. In addition, one crucial parameter for many microwave device layouts is the surface area of the ferrite films [18] . It is an increasing priority that the films have a large area and to this end we have studied the processing of 1.5 × 1.5 cm 2 (square) and a 2.54 cm diameter circle. Thicknesses were adjusted from 50 to 200 µm by the thickness of the stencil used and the sintering conditions. The screen printed BaM thick films were characterized in terms of their microstructural and magnetic properties. Crystallographic orientation information was obtained using a Philips X'pert PRO x-ray diffractometer using a Cu K α radiation source. The morphology of the films was examined using a Hitachi S-4800 ultra-high resolution scanning electron microscope (SEM). Static magnetic properties were measured using a vibrating sample magnetometer (VSM) at ambient and high temperatures while a physical property measurement system (PPMS) was employed for low temperature magnetic property measurements.
Results and discussions

XRD spectra
XRD patterns of the screen printed BaM thick films are shown in figure 2. Among those, pattern (a) corresponds to the ferrite thick film printed directly onto a silicon substrate, followed by an optimized sintering process that is depicted in figure 1.
It is clear that these peaks mostly match with the tetragonal gillespite phase, BaFeSi 4 O 10 , having space group P 4/ncc. This non-magnetic phase results obviously from the diffusion of silicon into the BaM ferrite. To reduce the Si diffusion, we added an Al 2 O 3 buffer layer between the silicon substrate and the ferrite film.
It was verified that the BaM/Al 2 O 3 /Si structure enables BaM ferrite films to retain a pure hexagonal ferrite phase. In figure 2 all diffraction peaks in pattern (b), except for the line at 2θ = 26.3
• , are indexed to the pure magnetoplumbite (BaM) phase with space group P 6 3 /mmc and are well matched to those of the as-printed film, i.e. before final sintering, depicted in pattern (c). It is assumed that the reduction in the lattice parameters is attributed to the smaller ionic radius of Al (r = 0.535 Å) substituting for Fe ions (r = 0.645 Å). On the other hand, good mechanical adhesion of the film to the substrate often relies upon interfacial diffusion; such is the case in this work. Of course, sintering conditions allow us the flexibility to achieve optimum properties depending upon the degree of diffusion and substitution.
After the film underwent the sintering process detailed in figure 1 , the resulting XRD pattern exhibits an extra reflection that corresponds to a small amount of Al diffusion into the BaM ferrite lattice. This also results in an increased magnetocrystalline anisotropy field [19] . With the refinement of film properties, it may be acceptable to introduce small amounts of Al into the BaM film. The film properties and the impact of Al substitution are discussed next.
Scanning electron microscopy analysis
The magnetic and crystallographic properties of ferrite films on Si substrates are extremely sensitive to the sintering conditions, especially the sintering temperature, annealing time and cooling/heating rates. Figure 3 presents SEM images for the BaM films deposited on the Si and Al 2 O 3 /Si substrates. Figures 3(a) -(c) allow us to distinguish the degree of diffusion in the two samples sintered at identical heat treatment conditions (illustrated in figure 1 ). In this sintering scheme, clearly a significant diffusion occurs when the BaM ferrite films are printed directly on the silicon substrates (see figure 3(a) ). Most, or a large percentage, of the observed BaM ferrite platelets seem to have been melted into the silicon matrix. Remnants of very large grains can still be seen in figure 3(a) . This is a process in which silicon is predominately diffusing into the BaM ferrite. In this case, the original BaM structure has mostly been converted to a tetragonal gillespite phase (BaFeSi 4 O 10 ), which was verified with XRD measurements. Magnetometry measurements indicate that some fraction of the structure remains magnetic. At the same time, our experiments indicate that the interfacial diffusion can be reduced if the final sintering temperature is held below 1000
• C. However, it may be unreasonable to expect that the ideal grain growth can be accomplished when sintering temperatures are below 1000
• C. Additionally, low temperature sintering (<1000
• C) is ineffective in establishing strong adhesion of the films to the silicon substrates. Since good adhesion of the BaM film to the Si substrate is a necessity we had to find a solution to this severe challenge. Use of the Al 2 O 3 layer grown on the Si substrate as a template for the growth of BaM is one of the possible solutions. Figure 3(b) shows an SEM image of the surface morphology of a BaM ferrite thick film printed on an Al 2 O 3 /Si substrate. The image depicts hexagonal platelets with clear contours indicating grain growth. This grain growth results in an increase in grain size, i.e. average size ∼1 µm, compared with the average ferrite particle diameter, ∼0.6 µm, presented in the original pre-sintered film. Additionally, such a sintering process causes the original morphology of isolated particles to become a continuous dense film. Although some pores are still seen in the film. From figure 3(c) , we see in cross-section the structure for the BaM/Al 2 O 3 /Si sample. It is worth noting that a sandwich-like structure is clearly presented where the buffer layer of Al 2 O 3 had a thickness of about 1 µm. The interdiffusion between the ferrite film and the silicon substrate is effectively controlled. Despite there being no obvious signs of diffusion, it is assumed that some diffusion inevitably exists to achieve good film adhesion.
As mentioned above, useful films must possess both good mechanical and magnetic properties. An optimal adhesion is certainly associated with some interfacial diffusion between the ferrite film and the substrate. Although an interdiffusion layer may give rise to the degradation of microwave properties, such as a reduction in magnetization and increase in microwave loss, the need for thick ferrite films (>100 µm) for some microwave devices overcomes such deleterious effects. In this research, a diffusion layer of a few tens or even hundreds of nanometres in thickness enables the successful growth of ferrite thick films on a silicon substrate. It is believed that such a thin diffusion barrier may not have a remarkable impact on the BaM films' magnetic properties and FMR linewidths [20] .
In general, silicon diffusion is extremely sensitive to the sintering process, such as sintering temperature (especially at temperatures greater than 1000
• C), annealing time and heating and cooling rates. An optimal processing enables the ferrite to possess high quality microwave properties [21] . However, an excessive interdiffusion may still occur even if an alumina buffer is employed. This may arise from a high sintering temperature or a long annealing time. Figure 3(d) displays an example of a typical over-sintering due to an extended annealing time at a high temperature, i.e. 1150
• C for 40 min. As a result of the overexposure to heat, a gillespite phase was detected in the XRD results (whereas the BaM phase was unable to be readily identified in this film).
Static magnetic property measurement
In order to characterize the relation between the microstructure and the magnetic properties in the BaM films, dc magnetic hysteresis was measured using a VSM and a PPMS. Figure 4 shows the result of the VSM measurement for a BaM/Si sample without a buffer layer. It is clear that the sample has no obvious difference in hysteresis loops when an external field is applied in the sample plane and out-of-plane. Hence, this film has an isotropic magnetic behaviour which is likely due to a random orientation of grains. Although the ferrimagnetic character is still seen in the thick film, further measurements indicate that the film has an extremely low saturation magnetization at room temperature (4πM s ∼ 75 G at H = 50 kOe, as shown in figure 5 ). Figure 5 contains two magnetic hysteresis loops collected from a BaM/Si sample. Hysteresis loops were collected at high magnetic fields and at 5 and 300 K. At room temperature, the sample displays a weak ferromagnetism, which may result from remnants of the hexaferrite platelets or/and magnetic clusters. At low temperatures and high fields, the superparamagnetic component becomes clear and remarkably large. An unsaturated magnetic hysteresis loop can be clearly observed at 5 K. The temperature dependence of magnetization also demonstrates a lack of saturation at low temperatures, as illustrated in the inset to figure 5. In fact, the magnetization behaviour presented here is fully consistent with the structure and morphology of the polycrystalline films. There is no doubt that the results reflect the deviation of the structure from the desired hexagonal BaM structure due to the silicon diffusion. Nevertheless, a few BaM platelets remain in the film and are likely responsible for the weak ferrimagnetic behaviour.
An Al 2 O 3 buffer layer was employed between the BaM and the silicon substrate to minimize the Si diffusion. The experiments indicate that the BaM thick films on Al 2 O 3 /Si only exhibit small shape anisotropy (see figure 6 (a)), and have hysteresis shapes similar to those of the sample before sintering, see figure 6 (b). Note that the sintered film exhibits a 4πM of ∼1220 G at an applied field of 12.5 kOe, which is much lower than the expected value of 3000-4000 G for previous screen printed films [17] . Due to a high coercivity (∼4.4 kOe), a magnetic field of 12.5 kOe is not high enough to fully saturate the studied film. Moreover, the low saturation value of 4πM seems to be reasonable because the screen printed film has a very low loading factor of ferrite material. A fully dense BaM compact has a saturation magnetization, 4πM s , of 4500 G [22] . In this experiment, the ferrite paste contains approximately 70 vol% of organic binder as the printing medium, which results in a low magnetization. Unfortunately, the annealing process did not result in a significant reduction in the volume of the film and as a result in a significant increase in the density of the ferrite thick film during sintering. In comparison with the as-printed films (before sintering) in figure 6(b) , the magnetization increases by 15% in the sintered BaM on Al 2 O 3 /Si. In addition, the hysteresis measurements performed at different temperatures indicate that the film printed on Al 2 O 3 /Si demonstrates ferrimagnetic behaviour over temperatures from 5 to 300 K, as shown in figure 7 . Since an external field of 50 kOe is high enough to saturate the film, the saturation magnetization (4πM s ) was determined to be 1477 G at 300 K and 2090 G at 5 K, respectively.
On the other hand, the hysteresis loop measurements at different temperatures suggest that the coercive force changes with temperature. It is seen that the coercive force changes from 4.4 kOe at 300 K to 3.2 kOe at 5 K. This may be associated with the temperature dependence of the magnetocrystalline anisotropy field which sensitively depends upon the variation of the anisotropy constant K u (T ) and magnetization M(T ) with temperature. Below 100 K, the saturation magnetization slowly increases with decreasing temperature approaching saturation at 0 K (see the inset of figure 7 ). It is therefore no doubt that silicon diffusion is significantly reduced in the films where an Al 2 O 3 buffer layer is employed. Furthermore, the interfacial diffusion between the ferrite and the Al 2 O 3 buffer layer is also moderate. Otherwise, an obvious increase in coercive force would have been observed due to an increase in magnetocrystalline anisotropy field [23] .
Conclusion
This work reports on the processing of thick, barium hexaferrite films on silicon and alumina/silicon substrates by a screen printing technique. The results address a method of fabricating thick, large surface area, ferrite films grown on semiconductor substrates, which remains still unattainable by other processing schemes. The polycrystalline films have a thickness ranging from 50 to 200 µm, saturation magnetization of ∼1500 G and coercive fields of ∼4400 Oe. However, further increases in 4πM s are realizable by pursuing a strategy of (1) selecting another binder with low viscosity, (2) reducing the ratio of binder to ferrite particle (increase ferrite loading factor) and (3) increasing the original hexaferrite particle size (∼1 µm). Additionally, it is necessary for ferrite thick films to have low microwave loss in order to meet the needs of practical planar devices. Therefore, future research must focus on the fabrication of aligned polycrystalline hexaferrite films on silicon substrates with carefully chosen buffer layers.
